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ations within 

earth-sun line and w i t h i n  80 of the noon-midnight.mridian. 

conservation of the a d i a a t i c  invariants as these trapped electrons d r i f t  

i n  the magnetosphere, it has been possible t o  obtain a nightside magnetic 

f i e l d  configuration which f i t s  the observed diurnal variations. 

configuration w a s  used which agrees with experimental observations. 

nightside configuration so  determizd displays an "open" f i e ld  l i ne  geome- 

t r y  and a current sheet i n  the magnetic equatorial plane. 

t o  this current sheet is  found t o  range from 20-407 adjacent t o  the sheet, 

depending upm the radial extent of the sheet. A f i e l d  l ine  configuration 

i n  the noon-midnight meridian is presented. 

* *  L-- - -= - -x - - -a - - -*  -- A-+- t -aa  l y  slue uup+ll& w-w J U Y  =I.* A Y Y Y  

at 670 and is  i n  agreement with observed boundaries at 1100 km of H 670 

f o r  both 2 40 kev and 2 280 bev electrons. 

Assuming 

A dayside 

The 

The f i e l d  due 

It w a s  found that  the night- 

lrnp dnsiIwe occurs at 1100 km 

The si tuation on the dayside 

is different  and is  discussed. 
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I Observations of a diurnal variation in  the trapped electron 

population at high latitude 

McDiarmid and Burrows [l9& a and b]; and Frank e t  a1 [1964]. 

e been reported by OIErien [1963]; 

These - --- 
observations w e r e  a l l  concerned w i t h  electrons of energies >, 40 kev 

~ 

and shared that the observed diurnal latitudinal shifts at high lati- 

tude and low al t i tude were greater than could be explained by the 

conservation of the adiabatic invariants i n  a distorted mgnetosphere 

as represented by the use of an image dipole [Malville, 1960]. 

[1964] found that i n  order t o  obtzin the large diurnal shifts, it w a s  

Fairf ie ld  

necessary t o  add t o  the dipole f i e l d  a f i e l d  normal t o  the equator but 

oppositely-directed on the dayside and nightside hemispheres, an assump- 

t i o n  which i s  physically hard t o  justify. 

Measurements of the diurnal  sh i f t  of 2 280 kev trapped electrons 

[ W i l l i a m s  - and Palmer, 19651 showed tha t  these higher energy electrons 

display a s ignif icant ly  smaller diurnal la t i tude s h i f t  during periods of 

magnetic Quiet thsn do the 2 40 kev electrons. 

analysis  by W i l l i a m s  and Palmer [196'j] suggested that the diurnal shift 

of ?, 280 kev trapped electrons might possibly be explained by invariant 

An i n i t i a l  quali tative 

- 

consemation i n  a distorted magnetosphere such as described by Yead [1964] 

The present more detailed quantitative study, i n  which the lati- 

tudinal  dependence of the diurnal sh i f t  of 2 280 kev electrons i s  obtained, 

shows that the addition of a current sheet i n  the t a i l  of Mead's model, 

leading t o  an "open" f i e ld  l i ne  configuration i n  the nightside hemisphere, 
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is  needed t o  f i t  the observed lati tude shifis. By an "open" configuration 

we simply mean m e  i n  which northern and southern high-latitude f ie ld  l i nes  

do not connect, i.e., conjugate-point phenomena aze not observed. This night- 
I 

, side mgnetic f i e l d  configuration, as obtained by f i t t i n g  the z-2& k I -  

, trapped electron diurnal. variations, is quite similar t o  the configurations 
I 

recently suggested by Dessler and Juday p965 J and Axford e t  a1 rig65 J, and - 
recently maswed by the mgnetometer on IMP-1 [Ress, 19651. 

We thus find that the observed diurnal vsriations of high energy 
I 

I (Ee 2 280 kev) trapped electrons are consistent w i t h  tne d r i f t  of these 

, par t ic les  i n  a distorted m e t o p s h e r e  under the conservation of the adi- 
I 

abatfc invariants, and J., and the conservation 'of energy, E. 

The experimental observations, the magnetospheric distortions, 

and the experimntal and theoretical coxparisons are described i n  sub- 

sequent se c t  i om. 



satell 

S a t e l l i t e  and Experiment. A more detailed description of the 

t e  and the detector may be found i n  Williams and Smith fig651. 

Briefly, the dzta were obtained from the s a t e l l i t e  1963 38C, 

launched on September 28, 1963 into a nearly ci rcular  pol= orbi t  having 

a 1140 k m  apogee, 1067 km perigee, 89.9 inclination, and a 107.5 min. 

period. The s a t e l l i t e  w a s  magnetically aligned and displayed an oscil- 

4 

l a t i on  of < -  6" about the loca l  l ine  of force some three days a f t e r  

launch. Just after launch the s a t e l l i t e  orb i ta l  plane made a angle of 

- 60 with the noon-midnight meridian and w a s  moving toward the noon-mid- 

night meridian at the approximate rate of 1' per day due t o  the earth 's  

motion about the sun. 

Tine detectors of interest  comprise an  integral  electron spec- 

t r o m t e r  sensit ive t o  electrons i n  the following energy ranges: 

kev, 2 1.2 Mev, 2 2.4 Mev, and 2 3.6 Mev. 

channels of in te res t  have full viewing angles of 12' and are oriented t o  

Ee 2 280 

The spectrometer detecting 

m ~ t  ~npd ?-e tho sEl+pLlAte & i v z t  5s -grell reEz.yd 

from the loss cone at 1100 kTii and the spectrorneter tfierefore obsemes 

trapped electrons mirroring at the point of observation. 

The spectrometer is essent ia l ly  insensit ive t o  protons of energy 

The monitoring of aa onboard proton spectrometer has shown that 180 Mev. 

proton contamination is  negligible f o r  the data presented here. 

Pertinent Information. I n  t rying t o  arrive at an axibient con- 

figuration fo r  the magnetospheric cavity which i s  consistent w i t h  the 
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experimental observations, w e  have used only data from magnetically quiet 

periods and have not considered any deta i l s  of the observed correlation 

of increases i n  radiation cavity distortions w i t h  increases i n  magneto- 

spheric distortions, as obtained during magnetically active periods 

The data are obtained during the period October 2 through 

October 12, 1963, which is  the magnetically quiet perio6 used by W i l l i a m s  

and Palmer [1965], as t h e i r  period 1. 

orb i ta l  plane was within 80 of the noon-midnight meridian. 

side passes and 28 nightside passes, obtained from the NASA receiving 

s ta t ions at  College, Alaska and Winkfield, England, have been analyzed. 

L i t t l e ,  i f  any, nightside data is available from the remaining stations 

During t h i s  period the s a t e l l i t e  - 
Some 47 day- 

i n  our stat ion network. 

The data are analyzed i n  terms of the invariant lati tude,  A, 

defined at satell i te altitude as 

where L is as defined by MeIlwain [1961] and i s  obtained from a 48 co- 

e f f i c i en t  expansions of the earth's magnetic f ie ld .  Therefore, although 

s t i l l  useful as a measure of magnetic la t i tude i n  low al t i tude orbi-ts, L, 

as here calculated, loses i t s  significance at al t i tudes of 2 4 earth radii, 

where distortions due t o  the incident solar wind are generally considered 

t o  become noticeable. When a more accurate representation of the easth's 

nagnetic f ie ld  is  used i n  obtaining the parameter L, it becomes apparent 

that L is  no longer constant along a r e a l  l i ne  of force which reaches aut 

i 
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t o  & 4 ear th radii, and thus offers no conceptual &vantage over the 

second invariant, J = i n  these more dis tant  regions. 

To avoid conf’usion, we note here tha t  the values of I\ quoted 

I i n  W i l l i a m s  - and Palmer r196-51 were obtained f r o m  the surface values, cos 

1 ~ 

A = T~ Those values should be corrected t o  s a t e l l i t e  a l t i tude  as 

there i s  a small but noticeable effect  (- 1.5’) i n  the quoted latitude 

at  which a given la t i tude shift i s  o3served. 

The pmt ic l e s  being studied axe trapped electrons of energies 

E 

angles. 

Mev channels may be o3tained by multiplying the observed count rates 

2 280 kev and E e e 2 1.2 Mev, possessing very small equatorial pi tch 

Absolute flu values, accurate t o  N ?O$ i n  the 280 kev and 1.2 

respectively by 5(10) 2 2  (cm sec ster)-’ and 10 3 2  (cm sec ster)-’. 

Any dependence of electron in tens i t ies  on B value is  dwarfed 

by the observed diurnal shift. The B dependence might be expected t o  be 

re la t ive ly  s m a l l  since at  l o w  a l t i tude and high B values, a given fract ional  

change in the mirror point I3 value being observed, produces but a very small 

change i n  the equatorial pi tch angle being sampled [ W i l l i a m s  and Kohl 19631. - -’ 
Data and Data Analysis. All the data i n  the interval  October 2 

through October 12, 1963, were plotted on a sca t te r  plot of count r a t e  vs. 

l a t i tude  fo r  both the dayside and nightside hemispheres. Composite curves, 

representative of the average count r a t e s  i n  t h i s  t i m e  interval, were then 

constructed from these sca t te r  plots .  This process is  described and ex- 

amyles are shown i n  W i l l i a m s  and Palmer 119651. - 
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W e  show i n  Figure 1, the day uLd night camposite e w e s  fo r  t h i s  

time interval as obtained by W i l l i a m  and Palmer [1965j but now displayed - 
I as a f'unction of lati tude.  We now include the composite curves for elec- 

t rons of energy Ee 2 1.2 Y I v  and see tha t  the higher energy electrons 

behave i n  a similar manner as the 280 kev electrom. 
I 

Looking at Figure 1 w e  see that the separation of the day and 

I night curves can be explained ei ther  by (a) a ve r t i ca l  shift, i .e,  , an 

intensi ty  change ir, the trapped electron population, which i s  dependent 

on la t i tude  or (b)  a horizontal ( la t i tude)  shift which is a l s o  dependent 
, 

on la t i tude,  or both. 

of permanent injection mechanisms and/or permanent acceleration mechanisms 

capable of mwing the mirror points of these trapped electrons great 

distances up and darn l ines  of force. Correspondingly, (b) can be ac- 

complished by a shift i n  la t i tude o f  the trapped electron population being 

observed and might be explained simply by the azimuthal drift  of the elec- 

trons i n  a dis tor ted magnetosphere under the conservation of the  adiabatic 

invasiants. It i s  t h i s  possible explanation of the observed diurnal shift 

that we are investigating i n  this report. 

It turns out that ( a )  reqaires the e s t a b l i s h &  

Extending the resu l t s  of Maeda [19&], w e  f ind tha t  acceleration - 
e f fec t s  due t o  e l ec t r i c  fields associated with dai ly  geomagnetic variations 

yield energy changes of < 1% at 280 kev. Thus, while important at  low 

energies (- 1 kev), these e l ec t r i c  f ie lds  are appasently unimportant i n  

deternining trapped electron behavior at high energies (2 280 kev), 

Furthermore, Maeda shows tha t  such e lec t r ic  f i e lds  accelerate electrons 

so  t h a t  peak energies are reached a t  local midnight. This is  opposite t o  
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the diurnal variation observed by integral threshold detectors where 

trapped electron intensit ies are higher at  noon than at midnight. 

The curves sham i n  Figure 1 are a good representation of the 

diurnal, shift phenomenon at low altitudes and high latitudes. 

useful results can be obtained from these curves, we feel that  more 

accurate results can be obtained by using (1) data f r o m  "matched" passes 

only and (2) data obtained f'rm daily averages of dayside and nightside 

While 

count rate vs. A plots. 

Figure 1 are affected by (a) slight changes i n  magnetic activity occurr- 

ing throughout the time pried and (b) an uneven distribution of the 

relative proportion of day and night passes throughout the time interval. 

This uneven distribution when coupled w i t h  the observed steady decay in  

The main reason for t h i s  is that the curves of 

b 

intensity observed throughout the period under study [ W i l l i a m s  - and -9 Smith 

1965; W i l l i a m s  --, and Palmer 19653 could yield errors i n  the diurnal shifts 

as obtained from the coqposite curves of Figure 1. W e  find that such errors 

are indeed smal l  but are noticeable when cmparisons m e  made with predic- 

tions of variaus magnetospheric models. 

and.yses, (1) and (2]! mentioned dove. 

W e  shall now discuss the data 

1. Matched pass data. It is this data tha t  yields the most 

accurate results for the values o f t h e  diurnal shifts at various latitudes. 

These matched passes are sa t e l l i t e  passes observed by College, Alaska and 

Winkfield, England which, when used i n  conjunction with one anather, trace 

the s a t e l l i t e  f'rom nightside, through the  polar region and on into the 

dayside hemisphere, or vice versa. Such pairs of passes, being but minutes 

a p e  and on reciprocal longitudes, eliminate a great amount of the scatter 
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due t o  magnetic activity. These matched passes are as close as we are able 

t o  come t o  the ideal case of simultaneous observation o f t h e  day and night- 

side lati tude profile. 

O f  the 13 sets of matched passes obtained, College, Alaska recorded 

10 nightside and 3 dayside passes while Winlsf’ield, England conversely re- 

corded 3 nightside and 10 dayside passes. 

I’?w assuming that the shifts shown in  Figure 1 are due t o  a 

shift i n  latitude of the electron population as it drifts from the dayside 

t o  the nightside hemisphere, w e  have obtained from each of the matched pass 

pairs, the latitudes where the sane count rates were observed on both the 

noon and midnight meridian. 

Mev chruulels,and the results of a l l  the matched pass sets are s h m  i n  

Figure 2, where w e  have plotted the nighttime latitude, %, vs. the daytime 

latitude, %, observed for the condition of constant count rate. 

. 

This w a s  done for  both the 2 280 kev and 2 1.2 

Mote that while there is  a certain amount of scatter i n  the points 

of Figure 2, there does exist  a well defined latitude dependence of tbi? 

diurnal variation f o r  high energy electrons. 

electrons behave i n  the s a ~ 3  maaner as the 2 280 kev electrons. This allows 

the observation that high energy electrons i n  general behave i n  the same, 

Also note that the 2 1.2 &v 

duriw periods of magnetic rather well defined manner i n  the outer zone 

quiet. 

ness” in  the h There is a certain amount of “jung, gh energy 

electron behavior, t o  be sure. Hawever,  i n  the mean this behavior seems 

well regulated. This is further i l lustrated in Table & w h e r e  we show the 
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Electron Intensities (Ee 2 280 kev) at = 65.80 on Noon-Midnight Meridian 
moughmt October 3,’ 1963 

- 
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-1 

-1 
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I observed electron intensity at  the noon and at the midnight meridian at 
~ 

various times i n  the day. 

a relatively stable intensity at both the nom aad midnight meridians 

throughout the day. 

The representative lati tude shown indicates 

Using the mean values of all the data in Figure 2 we have ob- 

tained the amount of la t i tudinal  shift, AA = $ - %, for both Ee 2 2&l 

- 

kev and Ee 2 1.2 Mev, and show this shift, AA, as a function of daytime 
I 

I 

la t i tude i n  Figure 3. The data i n  Figure 3 w i l l  be ccnnpaxed, in a l a t e r  

section, with the predictions of various magnetic field models. W e  point 

out here, once again, the, regularity of' the mean values of the matched 

pass points, indicating a w e l l  defined behavior for the electron papulation 

during magnetic quiet. 

The two representative bars shown i n  Figure 3 indicate the ent i re  

range of values seen with the data throughout the t i m e  period under study. 

2. Daily averages. For each 24 hour interval i n  this t i I2 le  period, 

we constructed the average lati tude profile for both Ee 2 280 kev and Ee 2 

1.2 lvlev for  the noon and midnight hemispheres. Using such daily average 

curves t o  obtain, on any given day, the dayt- and nighttime latitudes, 

and respectively, corresponding t o  a constant count rate, yields 

resu l t s  that are less affected by uneven pass distributions ad decay 

effects than the curves of Mgure 1. 

This w a s  done f o r  the 11 days of the t i m e  interval under study 

and the resulting % and 

tha t  sham in plgure 2 for the matched pass data. 

values were displayed on a plot similar t o  

The resulting p la t  was 
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very similar t o  Figure 2 and we show i n  Figure 3 the man values of a l l  

the data obtained via the mthod of daily averages. 

We note that the daily average data shows a b i t  more scatter 

than the matched pass data. 

average data w i l l  be affected by magnetic variations taking place within 

a 24 hour period, whereas the zaatched pass data is only affected by mag- 

netic variations taking place w i t h i n  N 9 min. 

average data does prwide an additional check on the accuracy of the 

matched pass data and is seen t o  be consistent with the detailed trend 

of the dependence of the diurnal shift with latitude. 

This might be expected since the daily 

Nevertheless, the daily 

The data i n  Figure 3 -her indicate that electrons of both 

E 

previous observation that high energy electrons in general display the 

same spat ia l  behavior in the outer zone during periods of magnetic quiet. 

2 280 kev and Ee z 1.2 lkv behave i n  a ~imilm manner, supporting the e 
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In this section w e  present calculations o f t h e  diurnal shift 

i n  lati tude of mirroring particles which one should expect, assuming the 

conservation of the first two invariants and the particle energy. 

first or magnetic moment invariant is given by 

The 

i n  its re la t iv i s t ic  form rIforthrog, 19633. 

consequence of' the first invariant fs that a particle w i l l  always mirror 

at the same value of w e t i c  f i e l d  Bm' 

can be raised or lowered is for the particle t o  be scattered or for i t s  

energy t o  change, due t o  the presence, for example, of e lectr ic  fields or 

tine-varying magnetic fields. 

If energy is conserved, a 

The only way that the mirror point 

The second or longitudinal invariant is given by 

. .M* ! *  

where the line integral is taken along the magnetic l ine of force between 

the mirror point M and i t e  conJugate M * U s i n g  p 2' = 3 + 3: * and (I), 
thigl can be rewritten a ~ i  
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assuming that p is  constant over a bounce period. It is convenient then 

t o  define an integral  invariant I having the dimensions of a length 

which w i l l  be conserved so  long as the momentum, 'and thus the energy, is 

conserved. This integral  is independent of the par t ic le  energy and depends 

only on the mirror point and t h e  magnetic f i e l d  configuration. If part ic les  

do not change energy as they d r i f t  around the earth, t h e i r  mirror points w i l l  

always be found on a l i n e  of constant I, assuming, of course, that they are 

not scattered. If loss rates and production rates are  slow compared with 

one dr i f t  period (about 1/2 hour f o r  280 kev electrons at L = 3 ) ,  one would 

therefore expect t o  find approximately equal f l u e s  of mirroring W t i C l e S  

at every point of constant Bm and I. 

electrons a t  these la t i tudes has been observed t o  be 1/2 t o  1 day, which is 

more than 10 times as long as the d r i f t  times 

The shortest  decay times for trapped 

[ W i l l i a m s  and Smith, 19653. -- 
Under  the abwe s e t  of assumptions, therefore, the problem of 

predicting the diurnal shift i n  la t i tude of mirroring par t ic les  reduces 

t o  that of calculating the integral  invariant I at constant B as a f'unction m 
of la t i tude,  longitude, and local t ime ,  and determining the locus of points 

where I is  constant. I n  the present instance, we may eliminate the e f fec t  

of l oca l  field irregulwities due t o  non-dipolar terms, since the counting 

r a t e s  have been expressed as a function of invariant latitude i n  an equiva- 

l e n t  dipole f ie ld .  Thus, latitude and local  t i m e  are the important k i a b l e s .  



In  order t o  calculate I, one must have a m o d e l  of the magnetic 

f ie ld .  Three such models are used here. The first is  that given by Mead 

[1964] and is based an the solution t o  the Wpma,n-Ferraro problem of a 

- 
solar  wind perpendicularly incident on a dipole Pield. 

formd which separates the earth's f i e l d  from the infinitely-conducting, 

A surface is 

f ie ld-free solar wind. The currents on this surface, or magnetopause, 

modify the f i e l d  inside the magnetosphere, the major ef fec t  being a general 

compression of the f ie ld  l ines.  The resul t ing dgstortion of the magnetic 

f i e l d  can most conveniently be described i n  terms b f  a spherical harmonic 

expansion, the coefficients determined by making a least.-squares f i t  t o  

the dis tor ted field as calculated at  a nuniber of goints inside the mag- 

netosphere. This distor t ion depends on the strength of the  solar w5nd, 

and i n  Wad's model this dependence is brought i n  through the parameter 

r the distance t o  the boundary i n  the solar direction. by  

The shape of the f i e l d  lines i n  the noon-midnight meridian plane 

is  sham i n  Figure 4 of Mead [l964] f o r  the case rb = 10 ear th  radii. It 

is seen there that the effect of field-line compresaicm is negligible for 

- 

l i nes  emerging fYom latitudes less than W ( L  = 4). 

the e f f ec t  becomes significant,  and at 

A t  hisher l~titlAes 

= 750, w h e r e  the dipole l i ne  

would normally cross the equator at about 15 Re, the  equatorial crossing 

distances i n  the dis tor ted f i e ld  a r e  8.7 and 11.2 Re' on the  noon and mid- 

night meridians, respectively. Thus, the surface currents compress the 

f i e l d  l i nes  on both the day side and the nightside, although not as MU&. 

on the nightside. 



16 

The integral invariant as defined by (4) w a s  calculated as a 

function of latitude on the noon and midnight mridians f o r  particles 

mirroring at 1100 km (geocentric distance of 1.17 earth radii). 

results far the dipole f ie ld  plus surface current f ield (hereafter 

referred t o  as Bd + Bs) for rb = 10 R are sham i n  Figure 4. The day- 

night change i n  latitude f o r  constant I is seen t o  be about 1 degree at 

The 

e 

70'. 

made similar calculations using an image dipole m o d e l .  

Somewhat similar results were obtained by Malville [1960], who 

Thus, a simple compression of the magnetosphere by means of 

surface currents does not predict the observed shifts of several degrees 

at 70'. However, recent magnetic f i e ld  measurements by - N e s s  E19653 i n  

the tail of-the magnetosphere by the IMP-1 sa t e l l i t e  has shown that the 

f i e ld  configuration in this region is  much different fiom that given by 

Meats m o d e l ,  Beyond 10 earth radii, the f i e ld  i n  the tail is  found t o  

be predominantly i n  the solar or anti-solar direction, instead of per- 

pendicular t o  the magnetic equator. In addition, a neutral surface 

separating anti-solar directed f ie lds  in the southern hemisphere from 

solar directed fields i n  the northern hemisphere has been detected over 
* 

a large extent i n  area. The presence of such a neutral sheet implies 

that plasma currents inside the magnetosphere contribute strongly t o  the 

magnetic f ield configuration i n  the tail region: 

internal plasmas are specifically excluded f'rom'the usual Chapman-Ferraro 

The presence of such 

problem, however. This 

take into consideration 

suggests that &ad's model should be modified t o  

the presence of these pl$sma currents. 
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The simplest way t o  do this i s  t o  vectorially add an additional 

tail field,  I$,, which is directed away f'rom the sun i n  the southern hemi- 

sphere and towards the sun i n  the northern hemisphere. Srrch a f ie ld  would 

be produced by an inf ini te  sheet of current i n  the equatorial plane directed 

opposite t o  the earth's orbital  velocity vector. 

the midnight meridian for  a @ tail f i e ld  (denoted by Bd + B, + % ( e)) 
has been calculated and is  shown in  Figure 4. 

The integral invariant on 

If the plasma currents 'producing the additioaal f i e ld  in  the t a i l  

are strongest in the region past 8 or 10 earth radii, the resulting field 

due t o  these currents will not be simply directed away f'romortuwards the 

sun, but will also have a southward component opposing the earth's dipole 

field,  as pointed aut by Axford et a1 [1965]. Such a configuration can be -- 
roughly approximated by that of a truncated semi-infinite current sheet 

which does not begin unt i l  some distance i n  back of the earth. The geometry 

is shown i n  Figure 5. The f i e l d  due t o  such a current sheet is given by 

Bx = -23(e, - e,) 

where 3 is the current per unit l e w h  i n  the sheet. The current sheet 

must have both an inner and an outer cutoff i n  order t o  avoid a logarithmic 

inf ini te ly  i n  the value of B 
Y. 

The magnetic f ie ld  configuration i n  the noon-midnight meridian 

plane due t o  the addition of such a current sheet (the t o t a l  f i e ld  denoted 

by Bd + Bs + Bcs (w))  has been calculated and is shuun i n  Figure 6. The 
? 
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current sheet begins at 10 Re i n  back of the ear th  and cuts off a rb i t r a r i l y  

at  40 Re. 

mediately adjacent t o  the sheet. This configuration may be compared t o  

Figure 4 of Mead [1964]. 

strength of the f i e l d  i n  the tail region. I n  the e a r l i e r  model the f ield 

l i nes  were roughly perpendicular t o  the solar direction in the equatorial 

region. 

radii, but past this point the f i e ld  l ines  a re  open and l i e  para l le l  t o  

the  current sheet. 

open l ines  on the night side is 69" at the ear th 's  surface, or  670 at an 

altitude of 1100 km. 

abwe 

longer defined above t h i s  latitude. 

The current strength is such as t o  produce a f i e l d  of 4Oy im- 

The major difference l i e s  i n  the direction and - 

This is  s t i l l  t rue in  the present model out t o  about 7 ear th 

The la t i tude  separating the dosed  lines f r o m  the 

Thus, one would not expect t o  find par t ic les  trapped 

670 on the n i a t s i d e  a t  1100 km, and the second invariant is no 

The integral  invariant corresponding t o  t h i s  f i e l d  configuration 

on the nightside w a s  calculated and is  shown i n  Figure 4. 

the e f fec t  of a f inite current sheet producing a 

that of an infinite sheet producing a 

presence of the southward component with the finite current sheet. 

One sees that 

f i e l d  i s  greater than 

f ie ld .  The reason is due t o  the 

This 

component, together with the paral le l  component, is  m o r e  effective i n  ex- 

tending f i e l d  l i nes  than the paral le l  component alone, 

low-altitude mirroring pazticfes, the integral  invariant is essent ia l ly  a 

masure of the length of the f i e l d  l ine,  since the integral  i s  essent ia l ly  

For high-latitude, 

uni ty  except i m d i a t e l y  adjacent t o  the mirror points. 

nomena which tend t o  s t re tch  out the f ield l i nes  on the nightside w i l l  

enhance the day-night la t i tude  shift. 

Thus, any phe- 

Conversely, anything which tends 



t o  compress the lines f’urther on the dayside, such as an increase in  solar 

wind intensity, w i l l  also enhance the day-night difference. 

boundary plus a reduced current sheet f ie ld  would produce about the same 

results. The conflguration on the dayside, however, w a s  chosen t o  match 

the obsemed boundary position of about 10 Re i n  the solar direction 

during quiet periods. 

A closer 
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W e  present i n  Figure 7 a conprison of the experimental obser- 

vations o f t h e  latitude shift, M, with the computed shift for  various 

magnetospheric configurations, based on par t ic le  d r i f t  motions through 

the magnetosphere under the conservation of the adiabatic invariants. 

The theoretical  curves shown i n  Figure 7 are obtained d i rec t ly  f romthe 

I vs. A curves presented i n  Figure 4. 

Because both electron energies studied, Ee 2 280 kev and z 1.2 

Mev, display the stme diurnal variation, w e  show on ly the  Ee 2 280 kev 

data i n  Figure 7 and consider it t o  be representative of high energy 

trapped electrons in general. 

of values seen i n  this time period. 

The bars shown indicate the ent i re  range 

It is seen from Figure 7 that of the f i e l d  configurations studied, 

the one employing the original model of Mead ti9641 plus a current sheet 

located in the magnetospheric tail, Bd + Bs + Bm (w), best fits the 

experimental observations. 

A +-----A- 1 usuu~~t,eu semi-infinite current sheet w i l l  obviously lead to 

inconsistencies when the f i e ld  configuration away from the noon-midnight 

meridian is considered. However, the data 8;pe all obtained within 80 of 

the noon-midnight meridian and such a current sheet should yield results 

which may appropriately be compared with the data. 

"he form of the current sheet, extending rad ia l ly  from 10 Re t o  

40 Re and being of constant magnitude, is t o  some degree, arbitrary.  A 
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m o r e  appropriate current distribution, one which decreases in magnitude 

at large radial distances rIVess, 19651 might be preferable. 

moving the fYont edge of the current sheet i n  closer t o  the ear thfs  surface 

or extending the sheet f’urther away from the earth and simultaneously lover- - 
ing the current w i l l  give a satisfactory f i t  t o  the data. 

show two additional current sheet configurations which also f i t  the ob- 

served trapped electron diurnal variations. 

In  general, 

In Table I1 we 

We note that while the f ie ld  strengths near the current sheet 

agree with some of the measurements reported by Ness [1965] i n  the ta i l  - 
region, they are i n  general somewhat higher than his observations. 

example, N e s s  shows that  the f i e l d  i n  the tail region decreases t o  -1Oy 

at 30 Re, whereas a l l  our values are somewhat larger than th i s  ( the f i e ld  

due t o  the dipole plus surface currents i s  negligible i n  this region). 

There are perhaps two basic physically significant reasons for  t h i s  dis- 

For 

agreement. (1) The effects of a ring current have been neglected and 

w i l l  have t o  be included when more is known about the characteristics of 

such a source. Outside the ring current, the field is  decreased and a 

relat ively larger f i e ld  l ine extension w i l l  take place on the nlghtsi& 

hemisphere, thereby reducing the current sheet intensity below our values 

required t o  match the diurnal shifts. A more r ea l i s t i c  current dis- 

tr ibution should match the nightside radial B variation [Ness, 19651. 

Such a distribution probably extends significantly further out than 40 

(2) 

earth radii and would  thus produce roughly the same effect as the current 

distribution used abuve. 
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Nevertheless, the results of this a.nalysis indicate the night- 

side geomagnetic field is an "open" tail configuration and that the 

current sheet passmetem required to  fit the trapped electron data are 

compatible with the few direct observations available i n  the nightside 

magnetic field.  

Noon and midnight high latitude cutoffs for trapped 40 kev 

electrons have been reported by O'Brien [1963], McDiarmid and Burrows - 
[1964a], and Frank e t  al [1964]. 

ing general characteristics far the high latitude boundary of trapping 

for  2 40 kev electrons; the average noontime high latitude cutofi  a t  

These measurements a l l  show the follow- --- 

1100 km is in  the range 74* 5 d 7@ whereas the average midnight 

boundary a t  1100 k m  is i n  the range 670 $ 690. Further, using 

the iso-intensity contours given i n  Frank e t  a1 [1964], we have con- --- 
strutted a M vs. $ plot for  2 40 k w  electrons in  the noon-midnight-- 

meridian and show the results i n  Mgure 8 where  we also show for  compari- 

son the 2 280 kev results. is  given for an alt i tude of 1100 

km. 

iiificatLy larger diurnal shif'ts than do 2 280 kev electrons. 

Note that 

Mgure 8 clearly shows that 2 40 kev trapped electrons undergo sig- 

The results of W i l l i a m s  and Palmer [1965] show that at an alt i tude 

of 1100 km during times of relative magnetic quiet, the average noontime and 

midnight high latitude trapping boundaries for 2 280 kev electrons are - 
68.9 and - 660 respectively. 

- 

Further, the msximum quiet time noon and 
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midnight trapping boundaries observed were TO0 and 67" respectively. 

These observations indicate that both 2 40 kev and 2 280 kev electrons 

possess a nightside high la t i tude trapping boundary of 

This is i n  good agreement with the f i e l d  configuration sham i n  Figure 

670 a t  ll00 km. 

5 which yields a nightside la t i tude boundary of 6 7 O  at 1100 km. This 

latitude corresponds t o  the lowest la t i tude  f i e l d  l i n e  which displays 

an  "open" characterist ic,  i.e., is not connected at the equator. 

Thus, the differences i n  the 2 40 kev and 2 280 kev trapped 

electron spatial characterist ics,  as sham i n  Figure 8, seem t o  be 

associated with the sunlit hemisphere. 

electrons are found at significantly higher la t i tudes than 2 280 kev 

It is here that 2 4.0 kev trapped 

trapped electrons, i n  contrast t o t h e  nightside s i tuat ion where the high 

la t i tude  boundary is  the saxre f o r  both 2 40 kev and 2 280 kev electrons. 

A l l  this is  consistent with the existence of a permanent injection (or 

acceleration) mechanism on the sunlit portion of the magnetosphere. This 

hypothesis [O'Brien, 19631 is further strengthened by observations of a 

dayside maximum in the 2 4.0 kev precipitated electron in tens i t ies  [McDiarmid 

kev and 2 280 kev electrons imposes a reasonable energy dependence on the 

inject ion processes. 

The compasison of the 2 40 kev and 2 280 kev electron trapping 

boundary i s  subject t o  uncertainties due t o  the large temporal variations 

observed i n  these intensi t ies .  Hmever, the resu l t s  of W i l l i a m s  - and Palmer, 

[1965] show that the 2 40 kev da ta  would a l l  have had t o  been obtained from 

periods of intense magnetic ac t iv i ty  t o  explain the l a g e r  shifts observed 
1 
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f o r  the 2 40 kev electrons. 

taken during periods of low t o  moderate ac t iv i ty  rO'Brien, 1963; McDiarmid 

- and Burrows, 19644% and b; --- Frank et  al, 1964). 

The 2 4.0 kev observations have i n  f ac t  been 

l 

Thus, the differences do 

not seem t o  be due t o  differences i n  magnetic act ivi ty .  
- .  

Another source of uncertainty i n  the re la t ive  z 40 kev and 2 280 

kev electron trapping b m d a r y  i s  the effect  of a varying dipole orientation 

i n  the solar wind. The 2 280 kev trapped electron data cane fromwithin 

8" of the noon-midnight meridian i n  October, a time when the dipole axis 

var ies  CY f l2' fram the norm1 t o  the earth-sun l ine.  The 2 4-0 kev data 
I - are  obtained presumably from a l l  orientations observed and are not know- 

ingly res t r ic ted  t o  any preferred orientation. 

observations at 2 40 kev implies thak ei ther  the dipole orientation 

- The agreemnt among the 

produces only a smoall effect at most or that long-enough time intervals 
-. 

-. were sampled-so-lhat reproducible averages over dipole orientation were . I I 
1 obtained.: I n  e i ther  ces.e, comparisons with the 2 280 kev data should be ', 

. \- 

i\, 
'. 
\ . 

- -  , 

\ 

\ 

L 

c_ 

.. 

- 

/ 

.- j 

\ 

/------ 

I 

_ -  

', 



The spatial distribution of high energy (Ee 2 280 kev) tragped 

electrons i n  the outer zone during periods of magnetic quiet is consistent 

with the d r i f t  of these par t ic les  through a distorted magnetosphere, under 

the conservation of the adiabatic invariants. 

havior of 2 280 kev and 2 1.2 Mev trapped electrons allows the above 

conclusion t o  extend t o  high energy electrons i n  general. 

i 
The s imilar i ty  i n  the  be- 

i 1 

Detailed observations of the diurnal shift of high energy trapped 

electrons (E 2 280 kev and 2 1.2 &VI i n  the noon-midnight meridian w e r e  

obtained as a function of invariant latitude during magnetic quiet at  a ' 

t i m e  when the earth 's  magnetic dipole axis varied N f 12' f r a m  the n o m 1  

t o  the earth-sun Line. 

chosen to agree with the measurenaents of Ness e t  a1 [1964], a nightside 

magnetic f i e l d  configuration was  determined by a best f i t  t o  the measure- 

ments of the trapped electron diurnal variations. The result ing magnetic 

f i e l d  is s h m  i n  Figure 6 and is seen t o  have "open" configuration due 

t o  a current sheet located i n  the magnetic eqwto r i a l  plane. 

sheet is a truncated semi-infinite sheet extending rad ia l ly  from 10 Re t o  

40 R and gives a f i e l d  strength of 40-f adjacent t o  the sheet surface. 

Field l ines  due t o  the sheet alone are a l so  shown i n  figure 6. 

of the  current sheet pwameters are possible and are  discussed i n  the text. 

e 

Then, using a dayside magnetic f ield configuration 

--- 

W s  c m r e r ~ t  

e 
Variations 

This nightside f i e l d  configuration, as determined by trapped electron be- 

havior at high la t i tude  and low alt i tude,  is quite consistent with the l 

,. 

I 
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[Ness 

by Dessler and Judax [I9651 and Axford, Petschek and Siscoe [196>]. 

19651 and agrees closely with the configurations recently suggested 
-9 

- - 
Therefore, we conclude that the observations of the diurnal 

vasiation of high energy (Ee 2 280 kev) trapped electrons is consistent 

with the motion of these electrons i n  such a distorted magnetcxphere 

under conservation of p, J and E. 

Using t h i s  configuration, w e  can make the further observation 

tha t  the average behavior of high energy electrons. (Ee 2 280 kev) during 

magnetic quiet is w e l l  ordered and stable, apart from a steady deacy of 

par t ic les  from these law al t i tude regions. 

i n  general much longer than the par t ic le  drift periods in these regions 

[ W i l l i a m s  and Palmer, 19651 and thus a l so  imply a certain amount of 

s t a b i l i t y  t o  the trapped population. 

The observed decay times are 

- 

Finally, we note tha t  at 1100 k m  both the 2 4.0 kev and 2 280 

kev trapped electrons exhibit  the same high la t i tude boundazy of N 670 

at nidnight. 

f i e l d  l ines  of 670 i n  the nightside magnetic f i e l d  configuration obtained 

i n  this study. Houever, the dayside trapping boundary for  2 4.0 kev elec- 

trons extends t o  significantly higher la t i tudes than the boundary fo r  2 

280 kev electrons. This yields the larger diurnal shifts obtained f o r  the 

2 40 kev electrons [O'Brien, 1963; McDiarmid and Burrows, 1964a and b; and 

--- Frank e t  al, 19641 and implies a source mechanism operating on the sunlit 

T h i s  agrees w e l l  w i t h  the high la t i tude boundary of closed 

- 

hemisphere. 
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FIGURE CAPTIOrJS 

1. Day and night count rate vs. A composite curves fo r  the magnetically 

quiet period October 2-12, 1963. 

kev and 2 1.2 Mev, 

defined at satellite alt i tude: cos A = 

Curves are shown for both Ee 2 280 

No night data are available fo r  A 5 55'. A is  
1.17 
L *  

2. Plot of hN vs. % for condition of constant count rate. 

pass data are shown, both for  Ee 2 280 kev and Ee 2 1.2 &v. 

case of no solar  wind (a  pure dipole f ie ld) ,  the data would l i e  on 

All matched 

For the 

the = % l ine .  

4)- 3. Plot of the la t i tude shift, M = - I\N, vs. noontime latitude, 

Matched pass data points are obtained from the man values of the 

data shown i n  Figure 2. Daily average data points are a l so  mean 

values obtained *om data similar t o  tha t  sham in Figure 2. See 

text f o r  discussion. Bar s  represent ent i re  spread of values observed 

during the t i m e  period October 2-12, 1963. 

4- Plot of the integral  invariant, I, vs. f i e l d  l i ne  la t i tude  a t  1100 km, 

A, for  various magnetospheric configurations. 

described by &ad [1964]. 

of m i t u d e  6Oy, solar oriented i n  the northern hemisphere and anti- 

solar oriented i n  the southern hemisphere. 

sheet i n  the magnetospheric tail yielding a 4Oy f i e l d  adjacent t o  the 

sheet. See text for discussion. 

Bd + Bs i s  the model 

BT( e) is an additiomJ f i e l d  component - 

Bm(40y) is  a current 



5. 

6, 

7. 

8. 

D i a g r a m  showing coordinates used f o r  computation of f i e l d  due t o  

truncated semi-inf’inite current sheet (Bm). This current sheet 

is coincident with the magnetic equatorial plane and extends 

rad ia l ly  from % t o  R2. 

direction normal t o  the paper. 

paper. 

The sheet i s  Infinite i n  length i n  a 

The current f l o w  is  out of the 

Magnetospheric configuration obtained by addition of a current sheet 

i n  the magnetospheric tai l  of the model originally discussed by &ad - 
[1964]. Dashed l ines  show f i e id  l i n e  configuration of the f i e l d  due 

t o  the current sheet alone. Latitudes shown axe la t i tudes at which 

f i e l d  l ines  intersect  the surface of the earth. This configuration 

w a s  determined t o  give the best  f i t  t o  experimental observations of 

trapped electron la t i tude shifts, See t ex t  f o r  discussion. 

Camparison of observed la t i tude s h i f t s  with predictions of various 

magnetospheric configurations. Data and calculations a l l  on noon- 

midnight meridian. The 2 280 kev data points axe taken frum Figure 

3 and are representative of high energy electrons in  general. 

c - & ~ e s  are ubittZne6 6Lrec%iy rk.m Figure 4 ror the f i e ld  configurations 

sham. 

The 

Comparison of the la t i tude shifts of 2 4.0 kev and 2 280 kev trapped 

electrons, 

-- e t  al [1964]. 

gone by the lower energy trapped electron population. 

The 2 40 kev data were obtained f r o m  the resu l t s  of Frank - 
The figure shows the s ignif icant ly  larger shifts under- 
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